Strain SYK-6 of the bacterium Sphingobium sp. catabolizes lignin-derived biphenyl via a meta-cleavage pathway. In this pathway, LigY is proposed to catalyze the hydrolysis of the meta-cleavage product (MCP) 4,11-dicarboxy-8-hydroxy-9-methoxy-2-hydroxy-6-oxo-6-phenyl-hexa-2,4-dienoate. Here, we validated this reaction by identifying 5-carboxyvanillate and 4-carboxy-2-hydroxypenta-2,4-dienoate as the products and determined the k cat and k cat /K m values as 9.3 ؎ 0.6 s ؊1 and 2.5 ؎ 0.2 ؋ 10 7 M ؊1 s ؊1 , respectively. Sequence analyses and a 1.9 Å resolution crystal structure established that LigY belongs to the amidohydrolase superfamily, unlike previously characterized MCP hydrolases, which are serine-dependent enzymes of the ␣/␤-hydrolase superfamily. The active-site architecture of LigY resembled that of ␣-amino-␤-carboxymuconic-⑀-semialdehyde decarboxylase, a class III amidohydrolase, with a single zinc ion coordinated by His-6, His-8, His-179, and Glu-282. Interestingly, we found that LigY lacks the acidic residue proposed to activate water for hydrolysis in other class III amidohydrolases. Moreover, substitution of His-223, a conserved residue proposed to activate water in other amidohydrolases, reduced the k cat to a much lesser extent than what has been reported for other amidohydrolases, suggesting that His-223 has a different role in LigY. Substitution of Arg-72, Tyr-190, Arg-234, or Glu-282 reduced LigY activity over 100-fold. On the basis of these results, we propose a catalytic mechanism involving substrate tautomerization, substrate-assisted activation of water for hydrolysis, and formation of a gem-diol intermediate. This last step diverges from what occurs in serine-dependent MCP hydrolases. This study provides insight into C-C-hydrolyzing enzymes and expands the known range of reactions catalyzed by the amidohydrolase superfamily.
cleavage of arenes (11) . The MCP hydrolases described to date belong to the ␣/␤-hydrolase superfamily and utilize a Ser-His-Asp triad to catalyze C-C bond cleavage (12) . As first proposed by Bugg and co-workers (13, 14) , the reaction mechanism involves two half-reactions: an initial enol-keto tautomerization to form a discrete keto intermediate followed by a stereospecific C-C fragmentation reaction (Fig. 2) . In the first half-reaction, the enzyme induces strain in the dienoate moiety of the substrate (15) , which is then thought to deprotonate the catalytic serine, simultaneously completing the ketonization and activating the serinate nucleophile (16) . The second halfreaction was originally proposed to occur via a gem-diol in which the catalytic serine acts as a general base to deprotonate water (17) . This was subsequently disproven with the observation of a catalytically relevant acyl-enzyme intermediate (11) . Interestingly, LigY shares no significant amino acid sequence identity with ␣/␤-hydrolases (9) . Although only one reaction product was identified, 5CVA, this product was isotopically labeled when the reaction was performed in H 2 18 O, consistent with a hydrolytic reaction.
The amidohydrolase superfamily comprises metal-dependent enzymes that, like the ␣/␤-hydrolases, catalyze a wide variety of hydrolytic reactions, typically of ester and amide bonds (18, 19) . In further similarity to the ␣/␤-hydrolases, some families of amidohydrolases catalyze the more thermodynamically challenging C-C fission. The first such described enzyme was ␣-amino-␤-carboxymuconate-⑀-semialdehyde decarboxylase (ACMSD; EC 4.1.1.45) (20) . ACMSD is a Class III amidohydrolase based on the presence of a single zinc ion in the active site and the identity of the coordinating residues: three histidines and a carboxylate (18, 21) . Many of the prototypical Class III amidohydrolases are hydrolytic deaminases, such as CDA and ADA, acting on cytosine and adenosine, respectively, and belong to COG0402 (18, 22) . However, ACMSD belongs to COG2159 along with other decarboxylases, such as LigW (10), as well as LigJ, a 4-oxalomesoconate hydratase (23) , and CouO, proposed to catalyze the hydrolysis of 4-hydroxy-3-methoxyphenyl-␤-ketopropionate-CoA to vanillate and acetyl-CoA (24) .
Herein we report the characterization of LigY. The phylogeny of this enzyme was established based on sequence analyses. The reaction products were characterized using mass spectrometry. A fluorescence-based assay was developed for steadystate kinetic characterization, and a crystal structure was obtained to reveal the catalytic machinery of LigY. The roles of key residues were investigated using directed mutagenesis. A molecular mechanism of catalysis is proposed based on precedents with related enzymes as well as the presented data. These results are discussed with respect to MCP hydrolases and the amidohydrolase superfamily.
Results

LigY is an amidohydrolase
LigY was previously reported to have low amino acid sequence identity with previously characterized MCP hydrolases (9) . A BLASTp search against the non-redundant protein sequences of the NCBI database identified LigY as a member of the amidohydrolase superfamily. Sequence alignments using LigY as a search query against COG (25) and Pfam (26) databases placed LigY in COG2159 and Pfam04909, respectively. Among characterized COG2159 enzymes, LigY has the greatest amino acid sequence identity with LigJ (38%, T-Coffee) (23) and ϳ20% identity with a number of decarboxylases: ACMSD (20), 2,6-dihydroxybenzoate decarboxylase (27) , uracil-5-carboxylate decarboxylase (IDCase) (28) , and LigW (10) . Alignment of LigY with these homologs indicated that LigY has the motif that binds Zn 2ϩ in these enzymes (29) .
Purified LigY contains zinc
Heterologously produced LigY was purified to Ͼ99% apparent homogeneity as judged by SDS-PAGE analysis at yields of 5-10 mg of protein/liter of cell culture. Mass spectrometric analysis of the purified protein (37,278.2 Da) agreed with the predicted molecular mass of LigY (37,278 Da), indicating the presence of the N-terminal methionine. Inductively coupled plasma mass spectrometry (ICP-MS) analysis revealed that the purified LigY contained 0.93 Ϯ 0.07 eq of zinc per protomer and insignificant amounts of cadmium, cobalt, copper, iron, manganese, and nickel. Consistent with this result, a colorimetric assay based on 4-(2-pyridylazo)-resorcinol (PAR) yielded a value of 1.02 Ϯ 0.09 eq of zinc per protomer. Size exclusion chromatography-multiangle light scattering (SEC-MALS) analysis indicated that LigY exists in solution as a monodispersed species with a mass of 208 Ϯ 2 kDa, consistent with a hexamer (supplemental Fig. S1 ). Analysis of the protein absor- In both mechanisms, substrate ketonization is followed by C-C bond hydrolysis. The latter step proceeds via gem-diol or acyl-enzyme intermediates. Adapted from Ruzzini et al. (11) .
Characterization of a C-C bond hydrolyzing amidohydrolase
bance at 280 nm (⑀ ϭ 36,900 mM Ϫ1 cm Ϫ1 ) was in good agreement with protein concentrations determined using a BCA assay. Preparations of LigY had no significant absorbance bands in the visible region. The far-UV CD spectra minima at 222 and 212 nm indicate a high content of ␣-helical secondary structure (supplemental Fig. S2 ). When the growth medium was not supplemented with Zn 2ϩ , purified LigY contained ϳ0.5 eq of zinc. Enzyme preparations containing different amounts of zinc showed no differences in their oligomeric states or overall secondary structures.
LigY hydrolyzes DCHM-HOPDA to 5CVA and CHPD
To identify the LigY reaction products, OH-DDVA was incubated with a mixture of LigZ and LigY (potassium phosphate (I ϭ 0.1 M), pH 7.5). This approach minimized the non-enzymatic transformation of DCHM-HOPDA, the LigZ-produced MCP (8) . HPLC analysis of the reaction products revealed the presence of 5CVA, consistent with an earlier report (9), together with another major peak (retention time (t R ) ϭ 8 min), the amount of which was proportional to 5CVA ( Fig. 3 ). Mass spectrometric analysis of this compound revealed a parent ion with an m/z value of 157.01, consistent with the predicted mass of singly deprotonated CHPD (157.01). Furthermore, this compound could be derivatized with dinitrophenylhydrazine (DNPH), consistent with the presence of an ␣-keto acid (30) . On reverse phase HPLC, the derivatized compound eluted with an absorbance ( max ϭ 470 nm) and polarity consistent with DNPH-CHPD (i.e. its t R ϭ 31 min was between those of derivatives of ␣-ketoglutaric acid (t R ϭ 28 min) and 2-hydroxypenta-2,4-dienoic acid (t R ϭ 41 min)) (supplemental Fig. S3 ). The identities of the DNPH-derivatized ␣-keto acids were confirmed with mass spectrometry. Overall, DNPH derivatization confirmed that CHPD is the second product of the LigY-catalyzed reaction. Together with the previous identification of 5CVA (9) , these data establish that LigY catalyzes the hydrolysis of DCHM-HOPDA.
Steady-state kinetic analyses of LigY
To evaluate the steady-state kinetic parameters of LigY, we developed an assay based on the fluorescence of 5CVA. The dependence of the fluorescence signal on 5CVA was investigated using LigW, which decarboxylates 5CVA (10) to the significantly less fluorogenic vanillate. In the presence of excess LigW, no fluorescence was detected from the activity assay. Importantly, at pH 7.5, neither OH-DDVA, DCHM-HOPDA, nor CHPD fluoresced significantly. However, DCHM-HOPDA fluoresced significantly at pH values above 7.5, particularly in the presence of Good's buffers. By contrast, the fluorescent quantum yield of 5CVA did not change significantly from pH 6 to 9. Correcting for the background fluorescence of DCHM-HOPDA, LigY had maximal activity between pH 7.5 and 8.0 (supplemental Fig. S4 ). Considering the pH dependence of LigZ activity and to minimize the background fluorescent observed at elevated pH, subsequent kinetic assays were performed at pH 7.5 using potassium phosphate (I ϭ 0.1 M).
The steady-state hydrolysis of DCHM-HOPDA by LigY displayed Michaelis-Menten behavior ( Fig. 4) . At pH 7.5, LigY had a turnover number of 9.3 Ϯ 0.6 s Ϫ1 and a k cat /K m value of 2.5 Ϯ 0.2 ϫ 10 7 M Ϫ1 s Ϫ1 calculated based on the metal ion content of the preparation. As reported previously (9), LigY did not detectably hydrolyze 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate, the MCP from biphenyl degradation.
Metal dependence of LigY activity
To evaluate the importance of the metal cofactor, it was removed from LigY by chelation. Apo-LigY was generated by dialyzing the enzyme for 48 h against o-phenanthroline and EDTA at pH 6.0. At pH 7-8, the metal ion was not detectably removed, and below pH 5.5, LigY was irreversibly denatured. Apo-LigY had Ͻ5% of the specific activity of WT LigY. Incubation of apo-LigY with ZnCl 2 partially restored the enzymatic activity. However, we were unable to restore apo-LigY to the same specific activity as the purified enzyme. Nevertheless, the 
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specific activity of purified LigY with ϳ0.5 zinc occupancy was ϳ50% that of purified LigY with full zinc occupancy.
Structure of LigY
The crystal structure of LigY was solved to a resolution of 1.9 Å ( Table 1 ). The asymmetric unit has three complete protomers (A, B, and C). The model for each contains all 332 residues of the encoded gene product with additional residues at the Cterminal end from TEV protease recognition sequences. The protomers share highly similar structures, with an average RMSD over all C␣ of ϳ0.33 Å as determined using the leastsquared superposition tool from COOT. Protomers A and B are related by non-crystallographic 2-fold symmetry and have an interface of 2200 Å 2 . Protomer A is also bound to Protomer C with a smaller interface of 900 Å 2 (Fig. 5A ). Protomers sharing the larger interface (i.e. BA, CCЈ, and AЈBЈ) are considered to be functional dimers because Arg-234, which is part of this interface, contributes to the active site of its respective dimeric partner as described below. Accordingly, the interface between protomers of a functional dimer is defined as the intradimer interface. The hexamer observed in solution can be reconstructed through crystallographic 2-fold rotational symmetry of the asymmetric unit and characterized as a trimer of dimers based on the non-crystallographic 3-fold symmetry of the hexamer. The functional dimers are related through 2-fold rotational symmetry (e.g. the RMSD value of AB and CCЈ is 0.37 Å over all C␣ atoms, close to that of the individual protomers). Phylogenetic analysis of closely related sequences mapped to the structure of LigY revealed highly conserved regions at the intradimer interface (supplemental Fig. S5A ). In contrast, the residues at other interfaces are poorly conserved. Surface electrostatic analysis further indicated that the intradimer interactions consist of several patches of polar interactions (supplemental Fig. S5B ), whereas other interfaces are dominated by hydrophobic interactions.
A channel leading to the active site is formed at the interface between three protomers. Residues derived from the functional dimer construct the majority of the channel, and a third protomer contributes to the mouth of the channel (Fig. 5A , white dotted circle). Due to 3-fold symmetry of LigY, three active-site channels are orientated toward each of the two faces of the hexameric ring.
The LigY protomer has a skewed (␤/␣) 8 barrel fold with the ␣-helices encapsulating the parallel ␤-sheets of the inner core ( Fig. 5B ). This fold, reminiscent of the TIM-barrel, is typical of the amidohydrolase superfamily (18) . Of the characterized amidohydrolases, LigY is most structurally similar to LigJ from Rhodopseudomonas palustris (PDB entry 2GWG), consistent with the amino acid sequence identity. Using Dali-Lite to perform a pairwise analysis, an RMSD of 1.6 Å was calculated over 
PDB code 5VN5
a Values in parentheses are for highest-resolution shell. b R free is the R work value for 5% of the reflections excluded from the refinement.
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309 C␣ atoms (z-score 40.9). 4 LigY retains the core (␤/␣) 8 secondary structure elements of LigJ but has five additional ␣-helical elements (supplemental Fig. S6 ). The key secondary structure elements, eight pairs of alternating ␤-strand and ␣-helix, were numbered as in ACMSD (PDB entry 2HBV) to simplify comparison. The first, helix ␣1Ј is a 13-residue insertion between strand ␤1 and helix ␣1. The next three insertions are of ϳ3 residues each and occur as small helices ␣2Ј, ␣5Ј, and ␣6Ј. Finally, the last insertion, the C-terminal ␣9A and ␣9B, also occurs in ACMSD (21) .
LigY metal-binding site
LigY's active site is at the center of the ␤-sheet core as observed in other Class III amidohydrolases (18) , such as ACMSD (21) . The anomalous map corroborates that LigY is mononuclear with a single anomalous peak observed in the active site of each protomer (supplemental Fig. S7 ). The metal fluorescence scan and an anomalous map density peak calculation were also consistent with Zn 2ϩ being the active-site ion (data not shown). This metal ion is coordinated by His-6, His-8, and His-179 and is partially coordinated by Glu-282. These four residues correspond to the metal-binding ligands in other members of the amidohydrolase superfamily, although the acidic ligand is often aspartate.
The electron density indicates conformational heterogeneity in the active sites of the three LigY protomers. These are highlighted by Glu-282, which is observed in two conformations. In one conformation, the side chain is orientated toward the Zn 2ϩ and coordinates the metal (Fig. 6A ). In the second conformation, the carboxylate is orientated away from the metal ion ( Fig.  6A) . In Protomer C, Glu-282 is in a single conformation, orientated away from the metal ion ( Fig. 6A ). In Protomers A and B, Glu-282 appears to adopt both conformations, with ϳ60 and 30% occupancies, respectively, for the metal-coordinating conformation as estimated from the refinement by Phenix.refine ( Fig. 6A ). A second difference, which correlated with the conformation of Glu-282, concerned a large spherical electron density located adjacent to the Zn 2ϩ in Protomer C ( Fig. 6A and supplemental Fig. S7 ). This density was too large for a water molecule and was modeled as a Cl Ϫ ion, which is present in the mother liquor. No peak was observed in an anomalous map, indicating that it is not a transition metal ion. The interatomic Zn 2ϩ -Cl Ϫ distance is 1.9 Å, as compared with a value of 2.2 Å reported for an inorganic zinc complex (32) . Electron density corresponding to Cl Ϫ at a lower occupancy is present in Protomers A and B. However, the anion was not included in the models of these chains due to steric clash. Overall, two activesite metal coordination geometries were modeled in LigY. In the pentacoordinate geometry ( Fig. 6B ), which predominates in Protomer A, the Zn 2ϩ is coordinated by the three histidines, Glu-282, and a solvent species. In the tetracoordinate geometry, modeled in Protomer C (Fig. 6C) , the Zn 2ϩ is coordinated by the three histidines and a Cl Ϫ ion. The state observed in Protomer B appears to be a mixture of the two geometries ( Fig. 6A ).
The LigY active site contains several other notable residues in addition to the metal ligands ( Fig. 6 ). First, His-223 is conserved in Class III amidohydrolases and, as in these enzymes, acts as a second shell metal ligand via a water molecule. His-223 is not within hydrogen-bonding distance of the metal-bound solvent species in any of the LigY protomers but may form a hydrogen bond with Glu-282 when the latter is coordinated to the Zn 2ϩ . As noted above, the active site also contains Arg-234 from its dimeric partner, an arrangement that is conserved in COG2159 enzymes of known structure. In ACSMD, this arginine has been proposed to bind the C1 carboxylate of ␣-amino-␤-carboxymuconate-⑀-semialdehyde (33) . In LigW, this arginine interacts with the nitro group of the substrate analog 5-nitrovanillate (10) . The LigY active site also contains Ser-222. This residue is not conserved in amidohydrolases but lies in close proximity with His-223 and Glu-198 ( Fig. 6 ). Finally, LigY does not contain the glutamate that is conserved in COG0402 Class III amidohydrolases. This residue is exemplified by Glu-217 in CDA (22) and is proposed to act as an acid-base catalyst deprotonating the metal-bound hydrolytic water in COG0402 enzymes.
Inhibition of LigY activity by chloride
The observation of a Zn 2ϩ -bound Cl Ϫ in one of the protomers suggests two hypotheses: (a) Glu-282 is readily displaceable, and (b) Cl Ϫ inhibits LigY's activity. To test the latter hypothesis, we measured the activity of LigY at increasing ionic strength, where ionic strength was increased using either KCl or potassium phosphate. In these experiments, the specific activity of LigY decayed exponentially with increasing concentration of Cl Ϫ but not phosphate ( Fig. 7) , indicating that this effect is specific. Importantly, high concentrations of KCl had negligible effect on the activity of LigZ used in the assay. Finally, similar inhibition was observed whether NaCl or KCl was used (data not shown), indicating that the chloride anion is the inhibitory species.
Modeling substrate binding
To date, attempts to obtain a structure of a LigY⅐DCHM-HOPDA complex have not succeeded. In the absence of such data, we modeled DCHM-HOPDA into the Zn 2ϩ -containing pocket to evaluate how LigY might bind its substrate. For this experiment, we based the structure of DCHM-HOPDA on that of 2-hydroxy-6-oxo-6-phenyl-hexa-2,4-dienoate as found in complex with the S112A variant of BphD (34) . DCHM-HOPDA was modeled in its enol form, (2Z,4Z)-2-hydroxy-6-oxo-4-carboxylato-6-(5-carboxylato-2-hydroxy-3-methoxyphenyl)-hex-2,4-dienoate, to account for the substrate's tautomeric state at neutral pH. We further reasoned that the substrate probably coordinates the metal ion through one of its carboxylates based on (a) the precedence for this binding mode in the COG2159 enzymes LigW and IDCase (10, 28) and (b) the ability of Cl Ϫ to coordinate the Zn 2ϩ in LigY. Accordingly, we modeled DCHM-HOPDA into the active site of Protomer C, positioning a carboxylate oxygen in place of the Cl Ϫ . We considered three orientations of the substrate: tail-in, side-on, and head-in, in which DCHM-HOPDA was coordinated to Zn 2ϩ by the C1-, C4-, and C11-carboxylates, respectively. Of these three, the tail-in orientation was the only one that presented no steric clashes (Fig. 8 ). In this configuration, DCHM-HOPDA is stabilized by a number of interactions with polar residues that would help neutralize the charged groups of the substrate. More specifically, the C1-carboxylate is stabilized by Arg-234 and His-223; the C4-carboxylate is positioned to interact with Arg-72; and finally, the solvent-exposed C11-carboxylate can interact with His-29. By contrast, coordination of the C11-carboxylate to the Zn 2ϩ (head-in) results in clashes between the C9-methoxyl group of the substrate and Arg-72/Phe-74 (supplemental Fig. S8 ). Additionally, the C4-carboxylate is not positioned to interact with Arg-72 or any other charged residue, whereas the surface-exposed C1-carboxylate cannot interact with His-29 or other residues without clashing with the C4-carboxylate. Last, the side-on orientation cannot be modeled due to numerous steric clashes with the residues lining the elongated substratebinding pocket.
Active-site variants
We evaluated the catalytic roles of six LigY residues by substituting each of them. Briefly, the H223Q, H223A, R234K, R234Q, E282Q, and E282D variants were designed to evaluate the roles of three conserved residues with respect to other members of the amidohydrolase superfamily. The S222A variant was generated to evaluate the possible role of Ser-222 in a nucleophilic mechanism. Finally, R72Q and Y190F were constructed to evaluate the substrate docking studies. None of the substitutions significantly perturbed the secondary structure or 
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oligomeric state of LigY as determined using CD spectroscopy (supplemental Fig. S2 ) and SEC-MALS (data not shown), respectively. As summarized in Table 2 , all of the variants contained at least 0.7 eq of Zn 2ϩ as determined by the PAR-based assay; significant levels of other metal ions were not detected using ICP-MS. For those preparations containing less than a full equivalent of Zn 2ϩ , the activities and kinetic parameters were adjusted according to the metal ion content. Among the conserved residues tested, Glu-282 was most sensitive to substitution; neither E282Q nor E282D had detect-able activity ( Table 2) . By contrast, the H223Q and R234K variants had significant activity, whereas the H223A and R234Q variants had Ͻ2% that of WT LigY. Interestingly, both the R72Q and Y190F variants also had very little activity. Finally, the activity of S222A was similar to that of WT. Variants with significant activity (Ͼ2% that of WT LigY) were further subjected to steady-state kinetic analyses ( Table 3 ). The steadystate kinetic parameters of S222A were perturbed Ͻ3-fold versus WT LigY, indicating that Ser-222 does not play a significant catalytic role. The substrate specificity (k cat /K m value) of H223Q was ϳ6-fold lower than that of WT LigY, although both the k cat and K m values were affected to a lesser extent. By contrast, the substrate specificity of R234K was Ͻ1% that of WT LigY with significant perturbation of both the k cat and K m values. 
Enzyme
Zinc content a Relative activity
a Zinc content represents the ratio of Zn 2ϩ versus protein concentrations. Relative activity was normalized to zinc content when this content was Ͻ1 eq (e.g. the relative activity of the H223Q variant was corrected for the lower Zn 2ϩ content of this variant versus WT). b ND, not detected.
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Discussion
The identification of LigY as an MCP hydrolase expands the known range of reactions catalyzed by amidohydrolases. More specifically, the definitive identifications of LigY's substrate as DCHM-HOPDA (8) and CHPD as the second reaction product establish that LigY catalyzes the hydrolysis of a vinylogous 1,5diketone typical of MCP hydrolases. These results are consistent with a previous report that LigY catalyzes a hydrolytic reaction (9) . This is the first report of an MCP hydrolase that is not a serine-dependent ␣/␤-hydrolase. Nevertheless, LigY belongs to COG2159, which includes superfamily members that catalyze other C-C cleavage reactions, such as ACSMD (20) , LigW (10), and CouO (24) .
Our data indicate that LigY's cognate metal ion is Zn 2ϩ , typical of class III amidohydrolases. First, zinc was the predominant metal found in LigY when the growth medium used for protein production was not supplemented with metals. Second, LigY's specific activity was proportional to its zinc content. Unfortunately, LigY does not appear to take up or release its metal ion as readily as other amidohydrolases. For example, neither preincubation with Zn 2ϩ nor its presence in the assay buffer improved the activity of LigY preparations with partial zinc occupancy. In other amidohydrolases, titration of the apoprotein with the metal ion resulted in rapid binding and a linear relationship between enzymatic activity and the amount of metal added (20, 22, 35) . In this respect, LigY appears to be similar to ADA in that both are resistant to metal chelation at neutral pH (35) . However, the inclusion of a reducing agent enabled rapid and complete reconstitution of ADA (35) but not LigY. Optimization for metal substitution in LigY is currently under way to facilitate further study of the enzyme.
Based on the mechanism of serine-dependent MCP hydrolases, the precedents in related amidohydrolases, and the presented data, we propose a mechanism for LigY that proceeds via an enol-keto tautomerization followed by a gem-diol intermediate and C-C bond fission ( Fig. 9 ). Tautomerization occurs in serine-dependent MCP hydrolases (13, 14) , acting as an electron sink to facilitate the subsequent C-C fragmentation reaction. The docking studies suggest that the Zn 2ϩ and Arg-234 coordinate the C1-carboxylate, which would enable them to play a role in tautomerization by inducing strain on the dienoate, as has been proposed for Arg-190 in BphD (15) . The respective activities of the R234K and R234Q variants suggest that Arg-234 has such a catalytic role, as opposed to simply binding the substrate as would occur if DCHM-HOPDA bound in the head-in mode. Formation of a gem-diol intermediate is consistent with the absence of an active-site nucleophile. The mod-eled LigY⅐DCHM-HOPDA complex predicts that Arg-72 plays a major role by (a) interacting with the 4-carboxylate of the substrate and (b) contributing to an oxyanion hole to stabilize the tetrahedral intermediate. The lack of activity of the R72Q variant is consistent with such a major role, as is the inability of LigY to hydrolyze HOPDA, which lacks the 4-carboxylate. Finally, neither the proposed mechanism nor the docking models explain the lack of activity of the Y190F variant.
The proposed gem-diol intermediate differs from the acylenzyme intermediate of serine-dependent MCP hydrolases (11) . However, the substrate-assisted activation of the nucleophile is analogous (16) . Thus, a notable feature of the proposed mechanism is the requisite protonation at C5 of DCHM-HOPDA to complete ketonization and the concomitant activation of water for nucleophilic attack of the C6-carbonyl. In serine-dependent MCP hydrolases, ketonization involves an intermediate, ES red , which possesses a remarkable bathochromically shifted absorption spectrum (15) . ES red has been proposed to be a dianionic intermediate that acts as a general base to activate the serine nucleophile (16) . Further work is required to substantiate aspects of this mechanism, including the involvement of an ES red species in tautomerization and water activation.
The proposed mechanism postulates roles for Glu-282 in each half-reaction that are consistent with the in crystallo and mutagenesis data. In other words, the structural data suggest that Glu-282 is easily displaced, whereas the mutagenesis data indicate that the residue is essential for catalysis but not metal ion binding. Mechanistically, the displacement of Glu-282 by DCHM-HOPDA leaves it well-positioned to assist substrate tautomerization in the first half-reaction by deprotonating the C2-hydroxyl of DCHM-HOPDA. This role as a base catalyst is similar to what has been proposed for the equivalent residue in LigW, where an aspartate deprotonates the C4-hydroxyl of 5CVA, allowing 5CVA to bind the metallocenter (10) . Importantly, the pK a of the C2-hydroxyl of DCHM-HOPDA is ϳ11.3 (8) and thus requires a base catalyst for tautomerization to occur. By contrast, BphD contains no such base, but none is required; 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate probably binds as an enolate because the pK a of its C2-hydroxyl is 7.3 (36) . In the second half-reaction, Glu-282 donates a proton to the dienoate leaving group. Overall, the role of Glu-282 as a proton shuttle is similar to what has been proposed in other amidohydrolases (18) . Finally, like Glu-282 in LigY, the aspartyl ligand in LigW also adopts two conformations (10) . However, the difference between the two conformations of the carboxylate is not as dramatic as in LigY. The glutamate in LigY, which also occurs in LigJ, may afford the greater conformation flexibility required for its catalytic role.
The proposed mechanism diverges from that of other hydrolytic amidohydrolases, which exclusively favor a nucleophilic attack by a hydroxide to an electrophilic carbonyl or phosphoryl center (18) . However, our docking studies suggest that in the absence of a major conformational change in the enzyme, the C6-carbonyl cannot approach the metal ion, precluding the conventional role of the metallocenter in amidohydrolases (18) . Most proposed amidohydrolase mechanisms favor the formation of metal-hydroxo species as a means of generating the 
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hydrolytic nucleophile (18) because the binding of water to Zn 2ϩ effectively lowers its pK a to near 7 (37) . LigY probably uses a different mechanism to activate the solvent species for hydrolysis because LigY lacks a metal-bound solvent species that is within hydrogen bonding distance to His-223, substrate binding probably displaces the metal-bound solvent species, and LigY lacks an acidic residue equivalent to Glu-217 in CDA. The relative activities of the H223Q and H223A variants suggest that His-223 may help stabilize a catalytic intermediate via hydrogen bonding. Nevertheless, substitution of this conserved His is less deleterious than in other amidohydrolases, such as CDA, LigW, ACMSD, and IDCase (10, 22, 28, 29) .
In conclusion, the proposed mechanism for LigY suggests specific roles for catalytic residues in the proposed two halfreactions of MCP hydrolysis that are consistent with the available data as well as the modeled LigY⅐DCHM-HOPDA complex ( Fig. 8 ). Further studies are aimed at substantiating this mechanism and the proposed roles of individual residues.
Experimental procedures
Chemicals and reagents
All reagents were of analytical grade unless otherwise noted. OH-DDVA was synthesized as described previously (7) . Restriction enzymes and the Phusion PCR system used for cloning were from New England Biolabs. Water for buffers was purified using a Barnstead Nanopure Diamond TM system to a resistance of at least 18 megaohms.
Cloning and mutagenesis
DNA was purified, manipulated, and propagated using standard procedures (38) . A gene encoding ligY (locus tag: SLG_07750) was synthesized by back-translating the protein's amino acid sequence using codons optimized for expression in 
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Escherichia coli (GenScript USA Inc.). The ligY gene was amplified from the synthetic gene, and the resulting amplicon was cloned into pET41b (Novagen). Two constructs were made: pET41LigY and pET41LigY_His. The latter encodes the enzyme with a C-terminal TEV pro -cleavable octahistidine tag (LigY-Ht). Variants of LigY were generated from pET41LigY using PCR-based mutagenesis and either a pair of overlapping primers or a single phosphorylated primer. The ligW gene (locus tag: SLG_07850) was amplified from genomic DNA prepared from SYK-6 (NBRC 103272). The resulting amplicon was cloned into pET41b to generate pETLigW, encoding LigW with no affinity tag. The nucleotide sequence of all constructs was confirmed by sequencing. The oligonucleotides used in this study are listed in supplemental Table S1 .
Protein production and purification
For kinetic characterization, LigY was produced heterologously using E. coli BL-21 (DE3) containing pET41LigY. Freshly transformed cells were grown at 37°C in LB broth supplemented with 30 mg/liter kanamycin to an A 600 of ϳ0.7. Expression of ligY was induced with 1 mM isopropyl ␤-D-thiogalactopyranoside, at which time the medium was further supplemented with 1 mM ZnSO 4 and the cells were incubated at 30°C for an additional 16 h. Cells were harvested by centrifugation and stored at Ϫ80°C until further processing. Cells collected from 2 liters of culture were suspended in 20 ml of 20 mM HEPPS, pH 8.0, and lysed at 4°C using an EmulsiFlex-C5 homogenizer (Avestin). Cellular debris was removed by centrifugation. Ammonium sulfate was added to the cleared lysate to a final concentration of 1.6 M, and the precipitated protein was removed by centrifugation. The supernatant was loaded onto a Source 15 phenyl column and eluted with a linear gradient from 1.6 to 0 M ammonium sulfate in 120 ml of 20 mM HEPPS, pH 8.0 (ÄKTA Purifier, GE Healthcare). Fractions containing LigY, as determined through SDS-PAGE, were pooled and dialyzed into 20 mM HEPPS, pH 8.0. LigY was purified further using a MonoQ 10/100 GL column (GE Healthcare). The protein was eluted with a linear gradient from 0.2 to 0.6 M NaCl in 120 ml of 20 mM HEPPS, pH 8.0. Fractions containing LigY were pooled, dialyzed into 20 mM HEPPS, pH 8.0, concentrated to ϳ30 mg/ml, flash-frozen as beads in liquid N 2 , and stored at Ϫ80°C until needed.
LigY-Ht was produced for crystallization using E. coli BL-21 (DE3) containing pET41LigY_His. Cells were grown, and cell extracts were produced as described above. LigY-Ht was purified from the cell extract using immobilized metal affinity chromatography (nickel-nitrilotriacetic acid, Qiagen) according to the manufacturer's instructions. The His tag was proteolytically removed by overnight incubation with TEV protease, leaving a 6-residue tail at the C terminus (ENLYFQ), and was further purified using anion exchange chromatography as described above for LigY. Selenomethionyl LigY-Ht was similarly prepared with labeling performed as described previously (39) . LigY variants were prepared the same way as non-tagged LigY. The mass of purified LigY and its variants was validated using Q-TOF MS. LigW was produced heterologously using E. coli BL-21 (DE3) containing pET41LigW and was purified essen-tially as for non-tagged LigY. LigZ was purified as described previously (8) .
Protein analytical methods
Protein purity was evaluated using SDS-polyacrylamide gel stained with Coomassie Blue (38) . Protein concentrations were determined using the Micro BCA TM protein assay kit (Pierce) using bovine serum albumin as a standard. The metal content of LigY preparations was determined both (a) colorimetrically using 4-(2-pyridylazo)-resorcinol and ZnCl 2 as a standard (40) and (b) using a NexION 300d inductively coupled plasma mass spectrometer (PerkinElmer Life Sciences) calibrated using IV-Stock-4 synthetic standard (Inorganic Ventures). Protein samples for ICP-MS analysis were treated with concentrated HNO 3 and H 2 O 2 as described previously (41) .
SEC-MALS
LigY was dialyzed into 20 mM HEPPS, pH 8.0, 100 mM NaCl, brought to 0.5 mg/ml, and loaded onto a Superdex 200 10/300 column (GE Healthcare) attached to a 1260 Infinity LC (Agilent Technologies) and operated at 0.2 ml/min at room temperature. Data were collected using a miniDAWN TREOS multiangle static light scatterer and an Optilab T-rEX refractive index detector (Wyatt Technologies). Data were analyzed using the ASTRA6 software (Wyatt Technologies).
CD spectroscopy
Spectra were recorded using a Jasco J-810 CD spectrometer equipped with a Peltier temperature controller and a 1-mm path length quartz cuvette. Spectra were collected at 25°C between 300 and 195 nm at a scan rate of 100 nm/min and a response time of 2 s. Samples contained 5 M protein in potassium phosphate (I ϭ 100 mM, pH 7.5).
Steady-state kinetic analysis
Kinetic assays were performed by monitoring the fluorescence of 5CVA using a Cary Eclipse spectrofluorometer (Agilent) with excitation and emission wavelengths of 310 and 420 nm, respectively, and slit widths of 2.5 and 10 nm, respectively. The standard assay was performed in 0.5 ml of potassium phosphate (I ϭ 100 mM, pH 7.5) at 25°C containing 30 M OH-DDVA (1% DMSO final concentration) and 10 nM LigY. Assays were initiated by adding LigZ to ϳ0.5 M to generate the MCP in situ. Rates of 5CVA production were calculated from fluorescence using a standard curve of 0 -20 M 5CVA established each day the kinetics experiments were performed. Rates were corrected by subtracting fluorescence changes observed in the absence of LigY. Steady-state kinetic parameters were evaluated by fitting the Michaelis-Menten equation to the data using least-squares fitting and the program LEONORA (42) . Kinetic parameters and specific activities were calculated as a function of the zinc content of the enzyme preparation when this content was less than 100%.
The effect of pH on the rate of the LigY-catalyzed reaction was evaluated using 100 mM solutions of MES (pH 6.0), PIPES (pH 6.5), MOPS (pH 7.0), HEPES (pH 7.5), HEPPS (pH 8.0), TAPS (pH 8.5), and CHES (pH 9.0). The effect of ionic strength on the reaction rate was evaluated at pH 7.5 using buffers with
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varying amounts of potassium phosphate to modulate the buffer's ionic strength. The effect of Cl Ϫ on the reaction rate was evaluated at pH 7.5 using solutions of 38 mM potassium phosphate, 0.9 M potassium chloride, pH 7.5, and 370 mM potassium phosphate, pH 7.5, in different proportions.
Metal chelation and reconstitution
Apo-LigY was prepared by dialyzing LigY against 20 mM MES, pH 6.0, containing 10 mM o-phenanthroline, 5 mM EDTA, and 1 mM DTT for 2 days at 4°C. The apoprotein was dialyzed against Chelex-treated 20 mM HEPPS, pH 8.0, to remove the chelators and concentrated using ultrafiltration. LigY was reconstituted with different metals by incubating ϳ200 M apoprotein overnight at 4°C with 500 M ZnCl 2 , CoCl 2 , CuCl 2 , CaCl 2 , CdCl 2 , MnCl 2 , or FeCl 3 . Reconstitution with 500 M Fe(NH 4 ) 2 (SO 4 ) was carried out anaerobically. Excess metal was removed using G25-Fine resin (Superdex).
CHPD characterization
The dienoate hydrolysis product was prepared by reacting 200 M OH-DDVA with a mixture of ϳ1 M LigZ and ϳ1 M LigY in air-saturated buffer. The reaction was quenched after 5 min with formic acid (final concentration ϳ1%), and the enzymes were removed by centrifugation. CHPD was resolved using a Waters 2695 Separation HPLC module (Milford, MA) equipped with a Waters 2996 photodiode array detector and an Aqua 5-m C18 250 ϫ 4.6-mm column (Phenomenex). CHPD was eluted using an isocratic flow of 0.1% formic acid, and the eluate was monitored at 220 nm. CHPD was derivatized using DNPH under acidic conditions as described previously (30) . The CHPD-DNPH was purified by HPLC using a Kinetex 5-m EVO C18 100 Å 150 ϫ 3.0-mm column (Phenomenex). CHPD-DNPH was eluted using a linear gradient of 0 -100% methanol in 0.1% formic acid, and the eluate was monitored at 470 nm. Mass spectra were measured using a Waters/Micromass LCT and electrospray ionization using methanol as the solvent or Applied Biosystems Qstar mass spectrometer using methanol or acetonitrile as solvents.
Protein structure determination
LigY was crystallized aerobically at room temperature using the sitting drop vapor diffusion method. Drops consisted of 2 l of ϳ350 M LigY and 2 l of precipitant solution (0.1 M Tris-Cl, pH 7.5, 0.2 M lithium sulfate, ϳ24% PEG 4000) equilibrating over 1.0 ml of precipitant solution. Before data collection, the crystals were soaked briefly in the mother liquor supplemented with 30% glycerol and flash-frozen in liquid nitrogen. Diffraction data of WT LigY were collected at the Canadian Light Source on beamline 08B1-1. Single-wavelength anomalous diffraction data of SeMet LigY were collected at the Stanford Synchrotron Radiation Laboratory on Beamline 7-1. Data were processed using iMOSFLM and Aimless from the CCP4 program suite (43) (44) (45) . Phase determination and initial model building of SeMet LigY were done using AutoSol and Autobuild programs in Phenix (46) . The structure of WT LigY was solved by molecular replacement using the preliminary coordinates for SeMet LigY as the search model using Phaser-MR (47). Manual building was performed using Coot (45), and refinement was performed using phenix.refine (48) . Data collection and refinement statistics are shown in Table 1 . The subsequent calculations and analyses of the crystallographic model, including the calculation of the secondary structure with DSSP (49, 50) , were performed using the WHAT IF server (51) . Protein surface and oligomeric assembly were calculated with PISA (52) . Protein surface charge analysis was done using PDB2PQR (53, 54) and APBS (55) . Amino acid conservation was performed using Consurf (56, 57) using the T-COFFEE (Expresso) (58) alignment algorithm and sequences from the RefSeq NR protein database (31) sharing 35-95% sequence identity. Graphical representation of the crystallographic model was generated using the PyMOL Molecular Graphic System version 1.3 (Schrödinger LLC, New York).
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